g Highly virulent pantropic canine coronavirus (CCoV) strains belonging to subtype IIa were recently identified in dogs. To assess the distribution of such strains in Europe, tissue samples were collected from 354 dogs that had died after displaying systemic disease in France (n ‫؍‬ 92), Hungary (n ‫؍‬ 75), Italy (n ‫؍‬ 69), Greece (n ‫؍‬ 87), The Netherlands (n ‫؍‬ 27), Belgium (n ‫؍‬ 4), and Bulgaria (n ‫؍‬ 1). A total of 124 animals tested positive for CCoV, with 33 of them displaying the virus in extraintestinal tissues. Twenty-four CCoV strains (19.35% of the CCoV-positive dogs) detected in internal organs were characterized as subtype IIa and consequently assumed to be pantropic CCoVs. Sequence and phylogenetic analyses of the 5= end of the spike protein gene showed that pantropic CCoV strains are closely related to each other, with the exception of two divergent French viruses that clustered with enteric strains. C oronaviruses (CoVs; order Nidovirales, family Coronaviridae) are positive-sense RNA viruses commonly associated with mild infections in birds and mammals. The family Coronaviridae is now organized into two subfamilies, Coronavirinae and Torovirinae, with the former including four different genera, Alphacoronavirus, Betacoronavirus, Gammacoronavirus, and Deltacoronavirus. Canine coronavirus (CCoV) belongs to the genus Alphacoronavirus and forms a unique species, Alphacoronavirus 1, along with feline coronaviruses (FCoVs), transmissible gastroenteritis virus of swine (TGEV), and its derivative, porcine respiratory coronavirus (PRCoV) (1, 2).
C
oronaviruses (CoVs; order Nidovirales, family Coronaviridae) are positive-sense RNA viruses commonly associated with mild infections in birds and mammals. The family Coronaviridae is now organized into two subfamilies, Coronavirinae and Torovirinae, with the former including four different genera, Alphacoronavirus, Betacoronavirus, Gammacoronavirus, and Deltacoronavirus. Canine coronavirus (CCoV) belongs to the genus Alphacoronavirus and forms a unique species, Alphacoronavirus 1, along with feline coronaviruses (FCoVs), transmissible gastroenteritis virus of swine (TGEV), and its derivative, porcine respiratory coronavirus (PRCoV) (1, 2) .
CCoVs are paradigmatic of the CoV genetic evolution and complexity (3, 4) . In addition to the known genotypes, CCoV types I (CCoV-I) and II (CCoV-II) (5) , which share up to 96% of nucleotide sequence identity in the viral genome but are highly divergent in the spike (S) protein gene (6) , CCoV subtypes and biotypes have been more recently identified (3, 4) . Detection of TGEV/CCoV recombinant strains led to the classification of CCoV-II into two subtypes, including the classical (CCoV-IIa) and recombinant (CCoV-IIb) subtypes, respectively (7, 8) . A hypervirulent CCoV-IIa strain, designated pantropic CCoV, was isolated from dead pups at a pet shop in Italy in 2005 (9) . The virus, strain CB/05, was associated with severe clinical signs and postmortem lesions. Experimental infections of dogs reproduced the disease, with the severity varying with the age and immune status of the infected animals (10, 11) but invariably leading to long-term lymphopenia (12) .
Natural outbreaks of pantropic CCoV infection have been reported in France and Belgium (13) , Greece (14) , and Italy (15) .
The aim of the present study is to report the detection of pantropic CCoV in some European countries.
MATERIALS AND METHODS
Sample collection. A total of 354 carcasses of dogs that died after displaying systemic disease consisting of fever, leukopenia, depression, enteritis, respiratory distress, and/or neurological signs were sampled from 2009 to 2011 (Table 1) . Cases were admitted to the study if they showed two or more of these clinical signs. Dogs for sample collection were recruited in animal shelters, breeding kennels, and academic or private veterinary clinics of different European countries (Table 1) , including Italy (n ϭ 69), France (n ϭ 92), Greece (n ϭ 87), Hungary (n ϭ 75), The Netherlands (n ϭ 27), Belgium (n ϭ 4), and Bulgaria (n ϭ 1). When possible, the entire carcass was sent to the different laboratories, but on several occasions, only tissue samples that were collected from the gut (or a rectal swab), lung, liver, spleen, kidney, tonsil, thymus, and/or other tissues were available. A total of 2,129 canine tissue samples were analyzed. Samples were screened by the different laboratories, and results were confirmed by the Infectious Diseases Unit of the Department of Veterinary Medicine of Bari, where further molecular investigations were conducted.
RNA extraction. Tissues were homogenized (10%, wt/vol) in Dulbecco's modified Eagle's medium (DMEM) and subsequently clarified by centrifuging at 2,500 ϫ g for 10 min. One hundred forty microliters of the supernatants was then used for RNA extraction by means of a QIAamp viral RNA minikit (Qiagen S.p.A., Milan, Italy), following the manufacturer's protocol, and the RNA templates were stored at Ϫ70°C until their use.
CCoV RNA detection, quantification, genotyping, and subtyping. All RNA extracts were subjected to a previously established TaqManbased real-time reverse transcription-PCR (RT-PCR) assay for rapid detection and quantification of CCoV RNA (16) , with minor modifications. Briefly, a one-step method was adopted using Platinum quantitative PCR SuperMix-UDG (Invitrogen srl, Milan, Italy) and a 50-l mixture of the following: 25 l of master mix, 300 nM primers CCoV-F and CCoV-R, 200 nM probe CCoV-Pb (Table 2) , and 10 l of template RNA. Duplicates of log 10 dilutions of standard RNA were analyzed simultaneously in order to obtain a standard curve for absolute quantification (16) . The thermal profile consisted of incubation with uracil-DNA glycosylase (UDG) at 50°C for 2 min and activation of Platinum Taq DNA polymerase at 95°C for 2 min, followed by 45 cycles of denaturation at 95°C for 15 s, annealing at 48°C for 30 s, and extension at 60°C for 30 s.
The detected CCoV strains were characterized by means of two dis-tinct genotype-specific assays (17) performed by using Platinum quantitative PCR SuperMix-UDG (Invitrogen srl) and the following oligonucleotide sets (final concentrations, 600 and 200 nM for primers and probes, respectively): primer pair CCoVI-F/CCoVI-R and probe CCoVI-Pb for CCoV-I and primer pair CCoVII-F/CCoVII-R and probe CCoVII-Pb (Table 2) for CCoV-II. The thermal protocol was as described for CCoV detection, except for the use of different annealing temperatures (53°C and 48°C for CCoV-I and CCoV-II, respectively). Samples that tested positive for CCoV-II were subjected to subtypespecific CCoV-IIa and CCoV-IIb gel-based RT-PCR assays targeting the spike (S) protein gene and using primer pair 20179/INS-R-dg or 20179/ 174-268 (8) ( Table 2 ). Reactions were carried out with the SuperScript one-step RT-PCR for long templates (Invitrogen srl) and the following thermal protocol: reverse transcription at 50°C for 30 min, inactivation of SuperScript II reverse transcriptase at 94°C for 2 min, and 40 cycles of 94°C for 30 s, 55°C for 30 s, and 68°C for 30 s, with a final extension at 68°C for 10 min. The PCR products were detected by electrophoresis through a 1.5% agarose gel and visualization under UV light after bromide ethidium staining.
The presence of deletions in the accessory protein genes 3abc was searched for by using primers VNVF and VNVR (Table 2 ) and the same thermal protocol adopted for CCoV subtyping. These primers were designed to amplify a fragment encompassing the full-length 3abc region. Pantropic CCoV strains NA/9 (14) and CB/05 (9) were used as controls for intact and deleted genes, respectively.
Virus isolation. Tissue samples containing discrete viral titers (not less than 10 4 copies of CCoV-IIa RNA l Ϫ1 of template) were homogenized (10%, wt/vol) in DMEM together with antibiotics (penicillin, 5,000 IU/ml; streptomycin, 2,500 g/ml; amphotericin B, 10 g/ml) and inoculated into canine fibroma (A-72) cells. Infected cells were monitored daily for the occurrence of a cytopathic effect (CPE), and after 5 days of incubation, they were tested for CCoV antigen by an immunofluorescence (IF) assay using a monoclonal antibody targeting the Alphacoronavirus 1 nucleocapsid protein (courtesy of Gilles Chappuis, Merial, France).
Sequence analysis and phylogeny. The RT-PCR products obtained with primer pair 20179/INS-R-dg from dogs that tested CCoV positive in one or more extraintestinal tissues (and thus assumed to be infected by pantropic CCoV) were subjected to direct sequencing at BaseClear B.V. (Leiden, The Netherlands). The sequences were manually edited and analyzed using the BioEdit software package (18) and the NCBI (http: //www.ncbi.nlm.nih.gov) and EMBL (http://www.ebi.ac.uk) analysis tools. Phylogenetic and molecular evolutionary analyses were conducted using the Mega4.1 Beta program (19) . Phylogenetic trees based on the 5= end (411 to 414 nucleotides) of the S-protein gene were elaborated using both parsimony and neighbor-joining methods, supplying statistical support with bootstrapping of over 1,000 replicates. The distantly related Betacoronavirus canine respiratory coronavirus 240/05 (20, 21) was used as the outgroup.
Detection of other viral pathogens.
Tissue samples of dogs that tested positive for pantropic CCoV were submitted to molecular detection of the main viral pathogens of dogs, such as reoviruses (22), rotaviruses (23), caliciviruses (24) , canine parvovirus type 2 (CPV-2) (25, 26), canine adenoviruses type 1 and type 2 (27) , canine distemper virus (28), canine minute virus (29) , canid herpesvirus type 1 (30) , and canine respiratory coronavirus (CRCoV) (31). Nucleotide sequence accession numbers. The nucleotide sequences of the analyzed pantropic strains were deposited in GenBank under accession numbers JQ929041 to JQ929046 (Italian strains), JF682842 (Greek strain), and JX269009 to JX269018 (strains from other countries).
RESULTS

Identification of pantropic CCoV strains.
CCoV RNA was detected in 124 (35.02%) out of 354 sampled dogs, with 33 animals testing CCoV positive in one or more extraintestinal tissues (Table  1) . Twenty-four of these strains were characterized as CCoV-IIa (19.35% of the CCoV-positive dogs), whereas the remaining strains were recognized as TGEV/CCoV recombinant viruses (CCoV-IIb) that can occasionally spread to internal organs. The geographic distribution of the CCoV-IIa strains detected in extraintestinal tissues is reported in Table 1 .
The viral RNA titers observed in the internal organs of the 24 dogs assumed to be infected by pantropic CCoV (CCoV-IIa positive in internal organs) were generally low, ranging from 1.20 ϫ 10 1 (liver of an Italian dog) to 8.16 ϫ 10 5 (lung of a Hungarian dog) copies l Ϫ1 of template (Fig. 1) . The highest median CCoV titers were detected in the bladder (1.32 ϫ 10 4 copies l Ϫ1 of template) and lymphoid tissues (2.77 ϫ 10 3 and 2.12 ϫ 10 3 copies l Ϫ1 of template for the mesenteric lymph node and thymus, respectively) of infected dogs (Fig. 1) .
Virus isolation attempts were not successful for any of the tissue samples displaying the highest copy numbers of viral RNA, as shown by the absence of a CPE and negative IF testing even after three consecutive passages on cell cultures.
Genetic characterization of pantropic CCoV strains. By RT-PCR amplification of the accessory protein genes 3abc, none of the potential pantropic strains displayed any detectable deletion in this region. The 5= end of the S-protein gene was determined for 17 out of the 24 pantropic strains, which were representative of the different geographic areas, including 4/7 French, 3/7 Hungarian, 6/6 Italian, 1/1 Greek, 2/2 Dutch, and 1/1 Belgian viruses. Sequence analysis showed the lack of specific genetic markers that were common to all obtained sequences. The mutation D125N, identified in both Italian strains currently sequenced (9, 15) , was detected in 9 out of 17 viruses of the present survey (Fig. 2) .
Despite the absence of common markers, most pantropic viruses except two French strains (322/09 and 45/10-6) were closely related to each other, displaying nucleotide and amino acid identities ranging from 92% to 100% and from 90.5% to 100%, respectively. These viruses showed a close genetic relatedness to reference strains CB/05 and 450/07 (nucleotide and amino acid identities ranging from 94.4% to 97.5% and from 91.3% to 99.2%, respectively) (see Table S1 in the supplemental material). Strains 322/09 and 45/10-6 diverged from the pantropic group, showing the highest nucleotide (79.9%) and amino acid (78.9%) identities with Hungarian or Italian viruses, whereas they were more closely related to the enteric virus 03-3684 (nucleotide identity of 90% to 90.2%), which was recently detected in the United Kingdom (32) .
By phylogeny conducted on the same S-protein gene region, most pantropic CCoV strains fell in the same cluster as Italian prototype viruses, which was separated from the clusters grouping enteric CCoV-IIa strains. Again, the French viruses 322/09 and 45/10-6 were found to diverge from other pantropic CCoVs, clustering with enteric strains (Fig. 3) .
Detection of other pathogens in dogs infected by pantropic CCoV. Most dogs that were infected by CCoV-IIa strains in their internal organs were found to be positive for CPV-2 (data not shown). An Italian dog was coinfected by CPV-2c and CRCoV. Only four dogs (one French, one Belgian, one Hungarian, one Italian) were shown to have single infections by pantropic CCoVs.
DISCUSSION
Virulent CCoV strains have been sporadically reported in the last few decades (3, 4) , but only in 2006, an outbreak of systemic, fatal infection caused by a pantropic CCoV strain was described (9) . Further pantropic CCoV outbreaks were later reported in France and Belgium (13) , Greece (14) , and Italy (15) .
The surveillance activity reported in the present study led to the detection of potential pantropic strains in 24 out of 354 dog carcasses analyzed. However, the identification of CPV-2 (and in one case also of CRCoV) in 20 of these dogs prevents any definitive association between pantropic CCoV and the death of the infected animals from being established. Nevertheless, the most recent studies have elucidated that usually pantropic CCoV does not cause the death of the infected dogs but is more frequently associated with subclinical infections, invariably causing severe leukopenia and decreases of all lymphocytic subsets, mainly CD4 ϩ T cells (12) . The induced leukopenia may be responsible for the more severe clinical course of concurrent infections. Therefore, a pantropic CCoV infection is likely to be undiagnosed when other (more common) pathogens are simultaneously present. Unfortunately, blood was not available from the dogs infected by pantropic CCoV during our survey, hence precluding the assessment of leukopenia.
The molecular investigations demonstrated a close genetic relatedness among the majority of detected pantropic strains but failed to identify common genetic signatures. None of the strains displayed deletions in the ORF3abc region, whereas the mutation D125N, which was detected in the S-protein gene of the first two Italian viruses, strains CB/05 and 450/07, and tentatively associated with strain virulence (15, 33) , was shared by 9/17 pantropic CCoVs subjected to sequence analysis. Interestingly, two French viruses were more closely related to enteric CCoVs than to other pantropic viruses. These viruses were recovered from dogs housed in the same breeding kennel that displayed diarrhea, vomiting, and neurological disorders (one dog), and both dogs were coinfected with CPV-2b. Considering that the viral RNA was isolated from the spleen (the only tissue with discrete viral titers), these viruses could be true enteric strains that had spread from the intestine to the spleen through the lymphohematogenic route. Indeed, enteric CCoV strains with high virulence were previously described, and coinfection with parvovirus may have exacerbated the clinical symptoms, leading to the death of the animals (3, 4) .
Currently, there are no diagnostic tests able to differentiate the pantropic from the enteric strains since they are strictly related at the genetic and antigenic level and no specific marker of pathogenicity has been detected so far. Thus, dogs are operationally defined as being infected by pantropic CCoV through detection of a CCoV-IIa strain in extraintestinal tissues. Even considering the poor homogeneity of the sampling (not all tissues of all carcasses were available for the analyses), it is noteworthy that in most positive tissues, only low viral titers were detected by real-time RT-PCR. This finding could be due to a long-term CCoV infection with a normal reduction of viral titers and exacerbation of the clinical course by infections with other pathogens as a consequence of profound immunosuppression.
Another striking finding is the lack of isolation on cell cultures of the detected strains, including those having high viral titers. A possible explanation is that in most cases clinical samples and/or carcasses had not been properly stored before the virus isolation attempts.
In conclusion, practitioners and scientists should be adequately alerted about the circulation of pantropic CCoV strains, which should be considered in the diagnostic algorithm of systemic infections. Adequate information will help improve surveillance in kennels and rescue shelters, thus expanding the knowledge about the epidemiology and pathogenic potential of pantropic CCoV.
